A review is presented of our program to construct an efficient solid state refrigerator based on thermionic emission of electrons over periodic barriers in the solid. The experimental program is t o construct a simple device with one barrier layer using a three layers: metal-semiconductor-metal. The theoretical program is doing calculations to determine: (i) the optimal layer thickness, and (ii) the thermal conductivity.
I n t r o d u c t i o n
Refrigeration using thermionic emission was proposed in 1994[1, 21. The original concept had two metal plates separated by a vaccum or air. This device is practical at room temperature only if the metal electrodes have a low work function (0.3 eV) which is below any known value. So the vacuum device is impractical. A related concept is to have a multilayer solid, in which alternate layers serve as barriers to the flow of electrons [3, 4, 5, 6, 71. Only energetic electrons surmount the barriers, which serves as an efficient energy filter. The electrical current is carried by the hot electrons, which leads to a high effective Seebeck coefficient. This concept is called Multilayer Thermionic Refrigeration.
Experimental Program
Several other research groups are investigating semiconductor multilayers for use as solid state refrigerators [8, 9, lo] . In these systems, the band offsets between successive layers serves as the periodic barriers. Our group has tried an alternate approach of having the multilayers be alternate layers of metals and semiconductors. In this case the Schottky barrier at the metal-semiconductor interface serves as the barrier to the flow of electrons. The semiconductor form the barrier layers.
My 
Layer Thickness
One crucial issue for the device efficiency is to select the appropriate thickness for the barrier layer. The proper choice depends upon ones view of how the device operates. Our view is that efficient cooling requires that the electrons ballistically traverse the barrier layer. Then there is a requirement that the layers must be thinner than the mean-free-path of the electron ( L < e,).
There are several definitions of mean-freepath (mfp): for momentum relaxation e, , for energy relaxation [ E and for phase breaking e,. Generally l~ >> e, . We believe that the relevant mfp to determine the barrier thickness is the one for momentum relaxation tp. We have performed calculations at room temperature (7' = 300 K ) of the mfp e, for some common n-type semiconductors which have a single conduction band ellipsoid. The mean-freepath was limited by scattering by phonons and impurities. The phonon scattering gave values of the mfp on the order of micrometers. The scattering by impurities gave values of the mfp on the order of 10-100 nm. Since impurity scattering gives the smaller value, it dominates the answer. The most probable value is I , -5ak, where a> is the effective Bohr radius of an electron bound to a donor in the semiconductor. This result is remarkably independent of the concentration of impurities. Similar calculations have been done for the mfp of phonons, and for the distribution of mfps. Some results will be shown.
B-Factor
In thermoelectrics the B-Factor is a dimensionless number (called BTE) which determines the efficiency of thermoelectrics [ll] . Vining and Mahan[l2] showed that there is an equivalent B-Factor for thermionic refrigera-
e, fi and b = eq5/kBT where eq5 is the work function in thermionic emission. Given that L < e, according to our prior discussion, then the Bfactor ( B T I ) for thermionic emission is always less than that for thermoelectrics. Since the larger B gives the larger efficiency [ll] , then a thermoelectric device is more efficient than a thermionic device if they have the same thermal conductivity.
Thermal Conductivity
All solid state refrigerators require a low value of the thermal conductivity for efficient operation(ll1. It is possible that a multilayer system has a lower thermal conductivity than a pure material [8, 13, 14, 15, 16, 17, 18, 19, 201 . This result has been found in early experiments, and has been predicted by calculations. Here we confine the discussion to thermal conductivity along the c-axis, which is perpendicular t o the plane of the layers. We have done calculations which show that there is an optimal thickness of the layers in order to have a minimum thermal conductivity. In this case the important parameter, which determines the minimum layer thickness, is the phonon mfp. There are two different methods of calculating the thermal conductivity of superlattices, and they give dramatically different answers. They are the classical or particle theory, and the wave theory.
The classical theory includes the interface boundary resistance [21] . A superlattice with alternating layers of thickness Ll,2 has a thermal resistance for one repeat unit
where K j is thermal conductivity of the individual layers, and RB is the thermal boundary resistance. Assume that LI = L2 E L. The effective thermal conductivity of the superlattice is KSL. This classical prediction is that the thermal conductivity decreases as the layer thickness L decreases [20] . The same result is obtained by solving the Boltzmann equation for the transport. Boltzmann equation treats the phonons as particles which scatter from the boundaries. Wave phenomena is ignored. These assertions are best illustrated in one dimension, for the atomic chain. Our mode1 [25] for a superlattice has all spring constants identical, and the layers differ in their masses. For a repeat distance of N-layers, one layer has N/2 atoms of mass m l and the other layer has N/2 atoms of mass m2 = m l / a . The characteristic equation k(w) of the normal modes is [25] C O S (~N ) = C O S (~~N /~) cos(kzNl2) - (10) 1 -cos(k1) cos (k2) Fig. 1 , there is iiiore band folding, and the average velocity decreases. Fig.2 shows the thermal conductivity as a function of superlattice period [25, 26, 271 The result for constant mfp is normalized to kBewz,max, where ~2 , m a x = 2 is the maximum phonon frequency in the layer 1 of heavy mass. This result is for one dimension. Similar curves are found for every case which we have calculated: for different values of mass ratio a , and for both Ke and KT. Generally, increasing N: (i) resistance R g . For C = 100 the thermal conductivity falls as N increases, reaches a minimum, and then starts to increase. This latter behavior is the situation expected in the experiments. At room temperature, in most solids, anharmonic scattering limits the phonon mpf to value in the range of 10-100 lattice constants, which is also the typical value of SL parameter in present devices. Therefore we expect the experimental thermal conductivities to behave as the curve marked C = 100 in fig.3 . The thermal conductivity should have a minimum value when plotted vs. SL period. The minimum occurs at the cross over between the particle and wave-interference types of transport. One experimental result has this behavior[8].
Conclusion
We have considered the experimental variables which determine the optimal operation of a multilayer refrigerator based upon thermionic emission. The barrier thickness will be determined by the minimum in the thermal conductivity, which is determined by the phonon mfp. The phonon mfp is generally shorter than the mfp of the electron. The optimal barriers thicknesses will be quite short, on the order of nanometers rather than hundreds of nanometers. This value is much shorter than the mfp of the electron, so that the electrons are safely in the ballistic regime. For these very short barriers the multilayer thermionic refrigerator niay not be very efficient, since its B-factor is relatively small.
